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MinireviewPhosphoinositides as Key Regulators
of Synaptic Function
has mainly been found associated with LDCV and SV.
Following docking of vesicles to the plasma membrane,
PtdIns 4-kinases and PtdIns(4)P 5-kinases may act in con-
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junction to modify the two newly juxtaposed membranes,Imperial Cancer Research Fund
contributing to the acquisition of fusion competence (Fig-44 Lincoln’s Inn Fields
ure 2). Independent lines of evidence support this hypothe-London, WC2A 3PX
sis (Cremona and De Camilli, 2001). First, sequestrationUnited Kingdom
of PtdIns(4,5)P2 inhibits Ca2-dependent exocytosis in
neuroendocrine cells. Second, the PtdIns(4,5)P2 binding
protein CAPS is required between the priming and thePhosphoinositides have recently emerged as key reg-
fusion steps during LDCV exocytosis (Renden et al.,ulators of a variety of synaptic processes, including
2001). Third, the PI binding properties of the Ca2 sensorneurosecretory vesicle targeting, exo-endocytosis,
synaptotagmin I change at Ca2 concentrations oc-and ion channel modulation. These pleiotropic activi-
curring in the vicinity of docked secretory vesicles.ties derive from their ability to serve either as mem-
Accordingly, stimulation of PtdIns(4,5)P2 synthesis isbrane targeting sites for cytosolic factors, as allosteric
predicted to promote regulated secretion. This couldligands, or as nucleation points for coat proteins and
explain the observed potentiation of LDCV exocytosiscytoskeletal elements. This versatility depends upon
via the ARF6-dependent activation of phospholipase D1the existence of highly diversified enzymatic machin-
(PLD) (Vitale et al., 2001). The mechanisms underlyingery for their synthesis and degradation, which governs,
this process are still obscure. However, it is know thatboth temporally and spatially, their appearance in the
the phosphatidic acid produced upon PLD activationmicroenvironment of the synapse.
stimulates the activity of PtdIns(4)P 5-kinase. In the case
of SV exocytosis, the situation is less clear. No ARF
has been associated with SV to date, restricting thisNeuronal communication can be finely tuned by phos-
mechanism to LDCV secretion.phoinositides (PI) at several key levels through the as-
Inositol polyphosphates (IPP), the higher phosphory-sembly and modulation of distinct signaling and regula-
lated derivatives of InsP3, are also implicated in SV dy-tory complexes. A wide range of proteins interact with
namics. Through their ability to bind presynaptic pro-PI via a number of specific interaction domains, such as
teins such as synaptotagmin, IPP and, in particular,PH (pleckstrin homology domain), C2, FYVE zinc finger
InsP6 may act as soluble competitors of PI (Cremonadomain, PTB (phosphotyrosine binding domain), SH2
and De Camilli, 2001). Recent data points toward a direct(Src-homology 2 domain), and PX (Phox homology do-
interaction between the SV release machinery and themain) domains. And, through these interactions, PI can
IPP enzymatic pathway. The InsP6 kinase, InsP6K1, caninfluence multiple cellular functions (Cremona and De
indirectly promote Ca2-dependent release by compet-Camilli, 2001). At the synapse, these include neurotrans-
ing with Rab3A for binding to the Rab3A-specific GTPmitter release, synaptic vesicle (SV) recycling, and syn-
exchange factor, GRAB (Luo et al., 2001). While theaptic plasticity. The tools currently available to study PI
ability of InsP6K1 to modulate exocytosis does not re-within the synapse are however rather limited and have
quire the formation of InsP7, the association of this en-intrinsic drawbacks. For the most part, investigators
zyme with the exocytic apparatus suggests a role forhave overexpressed PI metabolic enzymes (Figure 1),
InsP7 in the SV cycle.used inhibitors of these enzymes, or used PI binding
Interestingly, enzymes involved in PI metabolism can
proteins. Despite these limitations, recent studies have
also modulate several features of exocytosis without
revealed a hitherto unsuspected diversity in the roles of having any detectable role on release per se. While over-
PI in synaptic physiology. expressing PI 3-kinase does not affect neurotransmitter
PtdIns(4,5)P2 and Regulated Exocytosis release, the ability of neurotrophin NT3 to increase spon-
Ca2-dependent exocytosis of neurosecretory vesicles taneous release in several neuronal preparations re-
has been dissected into distinct steps, which include quires the activation of a presynaptic type 1 PI 3-kinase
mobilization from a reserve to a readily releasable pool together with the production of InsP3 (Yang et al., 2001).
near the plasma membrane, vesicle docking, and ATP- In this regard, the importance of PtdIns(4,5)P2 as a sub-
dependent priming followed by Ca2-dependent fusion. strate for both PLC and PI 3-kinases should not be
During docking and priming, several proteins associated undervalued for several physiological processes at the
with SV and large dense core vesicles (LDCV) are acti- nerve terminal.
vated and modify the vesicle microenvironment, thus Phosphoinositides and SV Endocytosis
favoring the subsequent exocytic steps that culminate An increasing number of studies implicate PtdIns(4,5)P2
in the release of the vesicle content. Analysis of priming in coordinating the different steps involved in SV recy-
has revealed the importance of de novo synthesis of cling. A well-characterized pathway of membrane re-
PtdIns(4,5)P2 (reviewed in Cremona and De Camilli, trieval occurs via clathrin-dependent endocytosis at ac-
2001), a process shown in Figure 1. PtdIns 4-kinase tin-rich regions outside the active zone. This process
requires the sequential formation of clathrin-coated pits,
fission of clathrin-coated vesicles (CCV), and uncoating1 Correspondence: g.schiavo@icrf.icnet.uk
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Figure 1. PI and Their Major Metabolic
Pathways
Scheme of the structure of phosphatidylino-
sitol (PtdIns) in a typical membrane bilayer.
The inositol ring can be phosphorylated by
kinases on positions 3, 4, and 5, giving rise
to mono-, bis- and trisphosphorylated deriva-
tives (black arrows). The main dephosphory-
lation pathways involving synaptojanin, PTEN,
and myotubularin-related proteins (MTMRs)
are also indicated (red arrows). PtdIns(4,5)P2
is the target of PLCs (in green), which gener-
ate diacylglycerol and the soluble InsP3. InsP3
is an important second messenger but can also
be phosphorylated further to generate IPP.
(Figure 2). In the nerve terminal, these uncoated vesicles epsin (Figure 2). The interaction with PtdIns(4,5)P2 trig-
gers the recruitment of these cytosolic factors and, inare then ready for refilling with neurotransmitter and
further rounds of exocytosis (Slepnev and De Camilli, the case of dynamin, also stimulates its GTPase activity.
The importance of PtdIns(4,5)P2 binding for the function2000). PtdIns(4,5)P2 regulates clathrin-dependent endo-
cytosis by binding to key endocytic proteins including of these proteins is underscored by the dominant-nega-
tive behavior of mutants lacking PtdIns(4,5)P2 bindingthe clathrin adaptors AP-2 and AP-180, dynamin, and
Figure 2. Pre- and Postsynaptic Roles of PI
The exocytosis of neurosecretory vesicles
can be divided into a series a steps, each
requiring subpools of PtdIns(4,5)P2 (upper
panel). Upon mobilization from the actin cy-
toskeleton, the secretory vesicle (SV or LDCV)
docks via PtdIns(4,5)P2-interacting proteins
(brown) to the presynaptic plasma membrane
at sites containing PtdIns(4,5)P2, possibly or-
ganized in lipid rafts. Ca2 entry causes fusion
and release of neurotransmitter (pink dots),
which is followed by a rapid endocytic step. A
well-characterized mechanism for SV endocy-
tosis requires the PtdIns(4,5)P2-dependent
recruitment of adaptor proteins, such as AP-2
and AP-180 and subsequent binding of clathrin
(coat, gray hatched line). PtdIns(4,5)P2 is also
necessary for the binding of epsin and the
GTPase dynamin (Dyn), which are essential
for the pinching off of the endocytic vesicles.
PtdIns(4,5)P2 dephosphorylation by synapto-
janin triggers the release of the coat. Vesicle
propulsion can occur by polymerization of actin comet tails, a PtdIns(4,5)P2-regulated process that is mediated by the actin binding proteins
Arp2/3 and N-WASP.
Postsynaptic pathways regulated by PI (lower panel). Tyrosine phosphorylation of NMDAR causes the binding of a PI 3-kinase (p85/p110;
pathway 1) and synthesis of 3-phosphorylated PI, leading to different downstream effects, including neuronal survival. The activation of
postsynaptic NMDAR also induces the production of NO via NO synthase (NOS, pathway 2), which induces presynaptic PtdIns(4,5)P2 synthesis.
Stimulation of GPCR (e.g., ACh receptors) involves steps mediated by PI. The activity of ACh receptors controls the concentration of PtdIns(4,5)P2
available for binding to GIRK, an interaction that is necessary together with the cobinding of G subunits for the opening of the channel
(pathway 3).
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domains (Cremona and De Camilli, 2001; Ford et al., cytoskeleton and the organization of the SV reserve pool
(Harris et al., 2000).2001; Itoh et al., 2001) and by the ability of PtdIns(4,5)P2
to stimulate the formation of clathrin-coated membrane Remodeling of the actin cytoskeleton occurs in parallel
to, and may be required for, membrane rearrangementsinvaginations on lipid monolayers in the presence of
purified AP-2, AP-180, and clathrin (Ford et al., 2001). during endocytosis (Qualmann et al., 2000). PtdIns(4,5)P2
appears to be important for coordinating the two pro-The principal enzymes regulating the pool of
PtdIns(4,5)P2 involved in SV endocytosis are synapto- cesses, as disrupting synaptojanin function not only re-
sults in endocytic defects but also in abnormalities injanin and the PtdIns(4)P 5-kinase isoform PIPKI (Figure
1). PIPKI represents the major PtdIns(4)P 5-kinase ac- the presynaptic cytoskeleton (Gad et al., 2000; Harris et
al., 2000). Moreover, polymerized actin and PIPKI aretivity in the brain and localizes to regions of the plasma
membrane adjacent to clathrin-coated endocytic inter- found to colocalize at endocytic sites in synaptosomes
(Wenk et al., 2001). IPPs may also play an important rolemediates, but does not associate with free CCV (Wenk
et al., 2001). The formation of domains enriched in in the regulation of SV endocytosis via their effects on
syndapin/PACSIN, a protein that links the endocytic ma-PtdIns(4,5)P2 therefore appears to be a major factor
marking the plasma membrane for clathrin-mediated chinery and the actin cytoskeleton. Both InsP6 and InsP7
are able to stimulate the phosphorylation of syndapin/endocytosis.
Synaptic PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are de- PACSIN (Hilton et al., 2001), promoting its interaction
with dynamin. The identification of this kinase will shedphosphorylated by synaptojanin, a nerve terminal inosi-
tol 5-phosphatase that interacts with the endocytic ma- light on the role of IPP in SV endocytosis.
Synaptic remodeling and neurite outgrowth involvechinery via its proline-rich domain (Slepnev and De
Camilli, 2000). Disruption of synaptojanin function in actin cytoskeleton rearrangement and exo-endocytosis,
both of which can be regulated by PtdIns(4,5)P2. GAP43nerve terminals causes an increase in PtdIns(4,5)P2 lev-
els and an accumulation of CCV around the active zone and the functionally related proteins MARCKS and
CAP23 (collectively called GMC) promote neurite out-(Cremona et al., 1999; Gad et al., 2000; Harris et al.,
2000). PtdIns(4,5)P2 hydrolysis may therefore be re- growth when expressed in neuronal and nonneuronal
cell lines (Laux et al., 2000). GMC control PtdIns(4,5)P2quired for efficient uncoating. Interestingly, synapto-
janin also contains a functional N-terminal Sac phos- levels in membrane microdomains by sequestering
PtdIns(4,5)P2 and can therefore regulate the availabilityphatase domain able to dephosphorylate PtdIns(4)P,
PtdIns(3)P, and PtdIns(3,5)P2. This suggests that during of this lipid for other PtdIns(4,5)P2-interacting proteins.
Consistent with this, cells overexpressing GMC lackinguncoating, synaptojanin is able to hydrolyze vesicular
PtdIns(4,5)P2 directly to PtdIns. SV recycling is however their PtdIns(4,5)P2 binding domains lose the ability to
develop neurites and transgenic mice expressing suchnot abolished by the ablation of synaptojanin functions,
indicating either the existence of parallel compensatory mutated GAP43 exhibit abnormal and reduced sprout-
ing (Laux et al., 2000).endocytic pathways or that PtdIns(4,5)P2 hydrolysis
plays a regulatory role, for example, facilitating the action PtdIns(4,5)P2-regulated actin polymerization could
also be important for the propulsion of freshly endocy-of uncoating proteins (Slepnev and De Camilli, 2000).
A number of synaptic PtdIns(4,5)P2 binding proteins, tosed vesicles from the site of endocytosis back toward
the active zone (Figure 2). Such actin-based movementincluding AP-2, also interact with PtdIns(3,4,5)P3. Con-
sistent with a role for this lipid in neuronal endocytosis, of endocytic vesicles is stimulated by PtdIns(4,5)P2 via
the N-WASP, Arp2/3 pathway and has been describeda wortmannin-insensitive PI 3-kinase, whose ability to
phosphorylate PtdIns(4,5)P2 is greatly stimulated by in nonneuronal cells (Qualmann et al., 2000). It remains
to be seen whether this mechanism is shared by recy-clathrin, was recently found on brain-derived CCV (Gaid-
arov et al., 2001). Accordingly, the presence of either cling SV and additionally whether actin-based move-
ment is involved in the translocation of SV from thePtdIns(4,5)P2 or PtdIns(3,4,5)P3 in different subpopula-
tions of CCV might determine their different fates within reserve to the readily releasable pool.
Postsynaptic Roles of PIthe synapse (for example, direct recycling following un-
coating or recycling via an endocytic intermediate). The pivotal role of PI is not confined to the presynaptic
side of the nerve terminal, but extends to the postsynap-PtdIns(4,5)P2 Modulation of Actin Cytoskeleton
PtdIns(4,5)P2 is a powerful regulator of the actin cy- tic density (PSD), a major site controlling synaptic plas-
ticity. In fact, the principles underlying the PI-dependenttoskeleton, in general acting to promote actin polymer-
ization and to strengthen plasma membrane-cytoskele- regulation of several processes previously described,
including clathrin-mediated endocytosis and cytoskele-tal interactions (Qualmann et al., 2000). Experimental
evidence suggests that PtdIns(4,5)P2-dependent cy- tal remodeling, could have a general validity also at
the level of the PSD. Furthermore, recent evidence hastoskeletal rearrangements are important at a number of
stages of the SV cycle. highlighted the importance of these lipids in modulating,
both directly and indirectly, the downstream effects fol-The SV reserve pool is anchored by an interaction
between the SV-associated protein synapsin and actin lowing the activation of metabotropic and ionotropic
neurotransmitter receptors.and spectrin microfilaments (Figure 2) (Doussau and
Augustine, 2000). The importance of this is highlighted An example of direct regulation is the phosphoryla-
tion-dependent association of the N-methyl-D-aspar-by the finding that disrupting the synapsin/-spectrin
complex impairs synaptic transmission (Featherstone et tate receptor (NMDAR) with the regulatory subunit of
the type 1 PI 3-kinase, p85 (Figure 2, pathway 1).al., 2001). In support of a regulatory role for PtdIns(4,5)P2,
increased levels of presynaptic PtdIns(4,5)P2 have been NMDARs are a class of glutamate receptors implicated
in neural development and synaptic plasticity. Their gat-linked to abnormalities in both the presynaptic actin
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ing properties are affected by tyrosine phosphorylation, dynamics, combined with the use of probes specific for
which in turn triggers the recruitment of p85 and synthe- other PI, should make for even more exciting times to
sis of 3-phosphorylated PI (Hisatsune et al., 1999). This come for this growing field.
association is stimulated by ischaemia, suggesting that
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systems could provide valuable insights into the mini-
mum requirements for vesicle formation and the protein
and lipid factors influencing its rate and fidelity. More-
over, we still need accurate ways of monitoring changes
in PI levels. A novel method to follow in real time the
concentration of PtdIns(4,5)P2 in vivo has been recently
developed, exploiting its ability to activate inwardly rec-
tifying potassium channels (IRK) (Hardie et al., 2001).
This strategy will certainly stimulate new applications
of IRK as a PtdIns(4,5)P2 biosensor. The development of
increasingly sophisticated tools to monitor PtdIns(4,5)P2
